In this paper a new theoretical model for the Rapid Chloride Migration test is presented. This model accounts for the non-linear chloride binding isotherm and the non-equilibrium conditions between the free-and bound-chloride concentrations in concrete. The new system of equations is solved numerically and compared to a simplified analytical solution, revealing a good agreement. Subsequently, numerical simulations are applied to experimental data on chloride concentration profiles in concrete obtained elsewhere. The binding parameters, the chloride mass transfer coefficient and the effective diffusion coefficient of chloride are estimated with these simulations. The non-linear binding coefficients correspond well to experimental data found in literature. The chloride mass transfer coefficient reveals a tendency to decrease in time during the application of electrical field across a concrete sample. The effective chloride diffusion coefficient (D eff ) obtained in the present study is found to be in line with data obtained elsewhere. Finally, it is demonstrated that the values of the diffusion coefficient computed from the Rapid Chloride Migration test in the traditional way are overestimated.
Introduction
In view of problems with chloride-induced corrosion of reinforcing steel, there is a need for quantified information on chloride transport properties in concrete. Thus, a reliable prediction model for chloride ingress into the concrete cover is considered as the key point for an assessment of the long-term behaviour of concrete exposed to sea water or de-icing salts.
A number of laboratory testing methods (both long-and shortterm) have been developed to quantify the chloride transport in concrete. The long-term methods, however, are usually not preferred from the practical point of view because they are laborious, time consuming and costly.
To overcome these disadvantages, an accelerated test -the Rapid Chloride Migration test (RCM), also known as CTH or RMT, has been developed by Tang [1] and standardized as NT Build 492 [2] . Within the European DuraCrete report [3] the output value of the RCM test: D RCM -chloride diffusion coefficient in non-steady-state conditions (also termed chloride migration coefficient) -has been introduced into the service life model for concrete, which has lately resulted in even higher popularization of the test method. An exemplary application of the D RCM coefficient for the service life design of a concrete structure can be found e.g. in [4] . The application of the D RCM coefficient for service life modelling of concrete puts strict requirements on the test such as reliability or repeatability of results. Nevertheless, 12 years after the standardization of the RCM test, there are still some concerns regarding its theoretical background and these will be addressed in this paper.
The main principle of migration tests is to quantify the diffusivity of chloride in liquid-saturated concrete by correlating the diffusion coefficient with electrochemical parameters. This is accomplished by using the Nernst-Planck equation as proposed e.g. in [1, 5, 6] . The equation can be solved for steady-state conditions or for transient state, yielding the effective chloride diffusion coefficient (D eff ) or the apparent diffusion coefficient (D app ) respectively. However, foregoing research presented in [1, [7] [8] [9] unveils that the D app obtained from non-steady state diffusion tests and the D RCM from the migration tests are correlated, but the reported D RCM is usually larger than the D app , although both diffusion coefficients should be the same if correct theoretical models are applied. Also in [10] the apparent diffusion and migration coefficients are compared and revealed to be different, but the used migration test method was not the RCM.
The analysis of the RCM test presented in this paper shows that the commonly adopted simplified model for the chloride migration needs improvement and therefore the equations that have been developed in order to compute the value of the D RCM should be 0950-0618/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.conbuildmat.2011.07.045 treated carefully. Thus, the objective of this study is to propose an improved chloride transport model in concrete for the non-steadystate migration test. This new model, modified with the assumptions of the non-linear chloride binding isotherm and non-equilibrium conditions between chloride concentrations in the pore solution and in the solid phase, should be self-consistent and predict the transport of chloride in concrete better.
The Rapid Chloride Migration test (NT Build 492 [2])

Experimental procedure of the RCM test
The RCM test is a non-steady-state test, based on the ionic migration induced by an external voltage applied across a concrete specimen saturated with Ca(OH) 2 -saturated water solution. The schematic and actual test set-ups are presented in Fig. 1 . Due to the potential difference applied between the electrodes, chloride ions move from the upstream solution ($2 mol/dm 3 NaCl solution, hence the chloride concentration in the upstream solution is 70.9 g/dm 3 ), through the concrete specimen, towards the downstream solution (NaOH -0.3 mol/dm 3 ). The duration of the test yields between 6 and 96 h (depending on the quality of the concrete expressed in terms of the initial current value when the external voltage is set to 30 V). Afterwards, the specimen is split and sprayed with AgNO 3 -a colourimetric indicator for chlorides. Finally, the chloride penetration depth is measured and based on this value the D RCM is calculated from the mathematical formulas presented in the next Section of this paper.
Current theoretical model of the RCM test
The general continuity equation for the chloride transport in concrete presents as follows [11] :
where c t is the total chloride concentration in concrete, u the velocity of chloride ion, c the concentration of chlorides in pore solution of concrete, J the total flux of chlorides and r is the reaction term.
As mentioned before, the chloride ions in migration experiments are accelerated by the electrical field in order to penetrate the saturated concrete specimen with a much higher rate in comparison to diffusion due to a concentration gradient. The total flux of chlorides for a combined process of diffusion and migration of ions through saturated and uncharged porous medium is given by the Nernst-Planck equation [ 
where D is the diffusivity of chloride and / is the electrical potential in the direction of x.
Simplifying the Nernst-Planck equation (Eq. (2)) with the assumption of a constant electrical field distribution across the concrete sample, the following equation for the total flux of chlorides in concrete is given [1] :
where J D is the flux of chlorides due to diffusion, J M the flux of chlorides due to migration and E is the electrical field (E = U/L). Inserting Eq. (3) into the continuity equation (Eq. (1)) and assuming: (a) the convection term equal to zero (no pressure gradients during the process); (b) zero reaction term (no change in mass due to reaction considering the whole system) and (c) the total chloride concentration c t defined as c t = c + c b , the following equation is derived for the chloride transport in concrete in nonsteady state conditions [1] :
It is worth to emphasize that in Eq. (4) the linear chloride binding isotherm is introduced in the D RCM coefficient due to the assumption of @c b /@c = constant. This assumption is questionable because the binding of chlorides in concrete is non-linear, therefore the term @c b /@c does not have a constant value. Additionally, the above equation represents equilibrium conditions between free-and bound-chlorides concentrations. These issues will be addressed later in this paper.
By solving Eq. (4) while applying the following initial and boundary conditions for a semi-infinite medium [1] :
where c 0 is the concentration of chlorides in the external bulk solution, the following analytical solution is obtained [1] :
where a = zFE/RT and erfc is the complement to the error function:
Assuming that the electrical field and the chloride penetration depth are large enough, the e ax erfc term on the right side tends to zero, thus Eq. (6) can be simplified to [1] :
In Fig. 2 the solution of Eq. (7) is plotted for different t, and as can be seen in this figure, the free-chloride concentration changes rapidly from the bulk concentration (c 0 ) to 0 within a short distance in concrete depth.
It can be found from Eq. (7) that each profile has an inflection point at x f (see Fig. 2 ), given in [1] as:
Nevertheless, because the value of x f is difficult to determine experimentally, x d is introduced, representing the chloride penetration indicated by using a colourimetric method. The following relationship between x f and x d is obtained in [1] :
where a is the laboratory constant, c d is the chloride concentration at which the colourimetric indicator changes the colour (0.07 mol/ 
The output of the test -D RCM is a chloride ion transport parameter in concrete, expressed in m 2 /s and t RCM is the final duration of the migration test.
Verification of the traditional theoretical model for the RCM test
As mentioned earlier, an abrupt free-chloride concentration profile (see Fig. 2 ) represents the solution of the chloride transport model developed in [1] . However, in practice it is very difficult to measure the free-chloride concentration profile in concrete, so usually only the total chloride concentration is measured. Although the theoretical free-and total chloride concentration profiles are not equal to each other when bound-chlorides are present in concrete, they hypothetically should have the same shape if the assumptions of linear chloride binding isotherm and instantaneous equilibrium in the traditional RCM model were correct (see Eq. (4)).
Several researchers have presented the experimental total chloride concentration profiles measured in concrete after the migration tests [1, 8, 9, [12] [13] [14] [15] [16] . Table 1 shows the concrete mix proportions and the RCM test conditions for which the chloride concentration profiles were measured by Stanish [12] and Yuan [9] . One of these RCM profiles [9] and an additional natural diffusion test profile (42 days exposure to chlorides), both measured for the same concrete (C4 in Table 1 ), are shown in Fig. 3 . Clearly, the reported gradual experimental profiles after the RCM test are much different in shape in comparison to the theoretical 'tsunami' profile presented in Fig. 2 , and very similar in fact to chloride profiles measured in concrete after natural diffusion exposure to chlorides. This difference between the theory and the experimental measurements gives evidence that the current chloride transport model for the RCM test unsatisfactorily describes the real process. Therefore, the D RCM calculated based on the Eq. (11) should be treated carefully.
Tang in [1] gives a few possible explanations for the difference between the theoretical and experimental chloride profiles, such as (a) different pore distribution resulting in different penetration front; (b) reaction kinetics which changes the shape of the profile without changing the penetration depth or (c) the influence of other ions on the chloride binding. These are sound arguments, but the efforts taken so far in order to develop a chloride migration model which predicts well the experimental profile (e.g. including the reaction kinetics or developing multi-species models for a combined diffusion-migration process) were unsatisfying. Furthermore, other possible explanations can be added to the list.
As previously stated, the chloride concentration profile shown in Fig. 2 results from Eq. (7), in which the assumptions of the linear binding isotherm and equilibrium between free-and bound-chlorides are introduced. However, as will be explained in the next Section, chloride binding in concrete is a non-linear process and the equilibrium between free-and bound-chlorides cannot be achieved within such a short period of time as the duration of the RCM test. Therefore, the authors present a new simplified chloride transport model, which can properly predict the behaviour of chlorides migrating into concrete. This new model includes among others the non-linear binding isotherm and non-equilibrium conditions between free-and bound-chlorides.
Chloride binding
When chloride ions penetrate concrete, part of them can be captured and immobilized by the hydration products of cement. This process of interaction between the chloride ions and cement hydrates -so-called chloride binding -can take place in two ways: by chemical reaction (with calcium aluminate hydrates) or physical adsorption (on the surface of the C-S-H gel). Nevertheless, it is very difficult in practice to distinguish between the chlorides physically or chemically bound in concrete, thus the total amount of bound-chlorides is usually investigated (e.g. in so called equilibrium method [1] ). It is important to emphasize that only the freechlorides are able to penetrate the concrete, which in time may lead to the depassivation of steel rebars, while bound-chlorides are considered immobilized and harmless to the reinforcement. Many extensive reviews regarding the binding of chlorides in concrete can be found in literature e.g. in [17] [18] [19] . During the migration test not only the chlorides but also other ions, such as OH À , are migrating. This can lead to changes in the pH of the pore solution in concrete and some researchers [1, 17, 20] stated that binding of chlorides in concrete depends on the value of pH. Nevertheless, for sake of simplicity, the amount of bound-chlorides in models for the transport of chloride in concrete is assumed as independent from the changes in pH.
Non-linear binding of chlorides in concrete
The amount of bound-chlorides increases non-linearly with an increase of the free-chlorides concentration and this relationship is most often described using chloride binding isotherms. Among the binding isotherms the most commonly used are the isotherms of Langmuir, Freundlich and BET. The linear chloride binding isotherm does not predict in a proper way the relationship between bound-and free-chlorides: it can be applicable only within a limited range of free-chlorides concentration [1] .
Tang in [1] shows that the experimental data for the chloride binding in concrete obeys the Freundlich isotherm in free-chloride concentrations in the range of 0.01-1 mol/dm 3 ). The chloride binding data presented in [17] shows that even for a higher chloride concentration (up to 3 mol/dm 
where C b is the concentration of bound-chlorides, K b the chloride binding capacity of concrete and n is the binding intensity parameter. K b and n are empirical coefficients from the linear log-log regression analysis of the chloride binding isotherms. The values of K b and n for various cement pastes and one mortar, retrieved from [1, 17] and recalculated to the units of concentrations used in this paper, are summarized in Table 2 . It can be noticed that the presented values of K b are much smaller for mortar than for cement pastes. This can be directly related to the volume of cement hydration products, which are capable to bind chlorides. This volume is much larger for cement pastes than for mortars, due to a large fraction of volume (about 3/4) occupied by small inert aggregates in the latter. Indeed, as can be seen in Table 2 , the K b is about four times larger for pastes than for mortar. In concrete the paste constitutes about 1/5 of its volume, therefore the value of K b is expected to be five times lower compared to the paste samples because only the cement paste is able to bind chlorides. When analyzing the values of the binding capacity K b in Table 2 , one can notice that it holds within the range of 2.13-2.58 (dm 3n /g n ) for Cem I (EN 197) and Cem T20 (Canadian standard: CSA A3000-98) pastes. For the paste of Cem T10 (CSA A3000-98), the binding capacity is increased. This is due to an increased C 3 A content in Cem T10 [17] , which hydration products can bind more chlorides. When replacing 25% of the cement paste with blast furnace slag (GGBS) the binding capacity is increased to 2.65-2.68 (dm 3n /g n ) which shows that slag-blended cements and their hydration products can bind more chlorides in comparison to the pure Cem I and Cem T20 pastes. On the other hand, when fly ash or silica fume are replacing the cement, the binding capacity is reduced. Similar conclusions can be also found in [21] . It can be also noticed that the K b for the same paste diminishes in time, which can be explained by the densification of the microstructure due to the progressing hydration.
The value of the binding intensity n for the pastes holds within the range of 0.31-0.45 and from the data shown in Table 2 there are no clear trends regarding the influence of the age or the cement replacement on its value. However, the value of n for mortar is larger than for pastes.
Concentration non-equilibrium
The liquid-solid system in concrete can be described as being composed of three zones: bulk liquid, stagnant liquid (the interface between the bulk liquid and the solid) and the solid state. When chloride ions are transferred from one phase (liquid) to another (solid) across an interface that separates the two, the resistance to mass transfer causes a concentration gradient in each phase [22] . Due to the limitations in the mass transfer through this interface, usually a certain time is required in order to achieve the equilibrium; therefore for a certain time there will be non-equilibrium conditions between the concentrations of chlorides in the pore solution and the concentration of chlorides in the interface. Additionally, one can assume that there will be instantaneous equilibrium between the concentration of chlorides bound in the solid (cement paste) and the chlorides in the liquid-solid interface. Thus, such conditions can be described as non-equilibrium between the concentrations of chlorides in the bulk solution and bound-chlorides due to the liquid-solid mass transfer resistance. From literature it is known that the equilibrium for chloride binding experiments in concrete can be achieved after 7 days [1] or 10-14 days [23] of exposure. For the diffusion tests, the assumption of equilibrium is acceptable since the chloride exposure period is sufficiently long. However, the duration of the RCM test usually amounts to 24 h and rarely varies from 6 h (for poor quality concrete) up to 4 days (for very good quality concrete). This fact is also pointed out in [14] . Therefore, during the migration process, equilibrium between free-and bound-chlorides concentrations cannot be achieved, which implies a necessity of the application of the Cl À mass transfer rate. The mass transfer rate of chlorides from the pore solution, through the liquid-solid interface and towards the solid, is considered to be induced by a concentration gradient in these phases.
It is worth to mention that the D app obtained from diffusion tests (e.g. NT Build 443 [24] ) and non-steady-state migration tests (NT Build 492 [2] ) cannot be equal to each other because the assumption of equilibrium in their theoretical models is fulfilled for the diffusion tests, but is not valid for the RCM test.
Non-linear chloride binding and non-equilibrium conditions during migration
Sometimes researchers state that the interaction between chloride ions and concrete matrix can be ignored, since the application of an electrical field generates an ionic transport rate which is much faster than the kinetics of chemical reactions in concrete or that the exposure time to chloride solution during the RCM test is too short. In order to verify this statement, the presence of chloride binding during the RCM experiments is investigated in this Section by analyzing some literature data concerning the total chloride concentration profiles in concrete after the RCM test.
The measurements of chloride concentration profiles are conducted by flushing concrete dust (from dry-grounded layers of the material) in nitric acid in order to extract the chloride ions. Then the concentration of the extracted chlorides is measured by using a chloride-selective electrode or titration method. The measured value represents the total chloride concentration in the concrete sample (C t ), thus consists of both: free-(c) and boundchlorides (C b ):
where u is the water accessible porosity of concrete, q s the density of solid state of concrete and q c is the density of saturated concrete.
If there would be no chloride binding in concrete, Eq. (13) can be simplified to:
During the migration process, the concentration of chlorides in the pore solution of concrete tends in time to the concentration in the bulk solution (c ? c 0 = 70.9 g/dm 3 ). Considering the absence of chloride binding in concrete during the migration test, the maximum chloride concentration for the concrete tested by Stanish [12] (Table 1 , concrete C2) amounts to 0.397% ðg Cl À =g concrete Þ, as can be computed from Eq. (14) . Nevertheless, as shown in Fig. 4 , the measured maximum concentration, about 0.85% ðg Cl À =g concrete Þ, exceeds this value substantially. This effect cannot be explained by a higher porosity than the one which was measured -for the Cl À concentration equal to 0.85% ðg Cl À =g concrete Þ the water accessible porosity u should exceed 26%, which is an unrealistic value for a conventional concrete. Thus, the high total concentration of chlorides confirms the presence of chloride binding. In order to analyze the presence of equilibrium between freeand bound-chlorides in concrete in the case when c 0 concentration is reached in the pore solution (see Fig. 2 ), the maximum boundchloride concentration (C b ) is calculated from Eq. (12) for K b = 0.6 Â 10 À3 (dm 3n /g n ) and n = 0.51 (K b and n extrapolated from Table 2 for concrete), and amounts to 0.0053 ðg Cl À =g solid Þ. This maximum bound-chloride concentration contributes 0.46% to the C t , applying q s = 2606 g/dm 3 (Table 1) . Therefore, the maximum value of the total chloride concentration in concrete (Eq. (13)) implying equilibrium according to the non-linear binding isotherm (Eq. (12)), when the c 0 is reached in the pore solution, would yield 0.86% ðg Cl À =g solid Þ, as appears in Fig. 4 . In the theoretical profile shown in Fig. 2 the maximum concentration of chlorides is reached in deeper layers of concrete too, while in the experimental chloride concentration profiles in Fig. 4 the concentration of chlorides decreases gradually along their whole length. Also in all the other experimental chloride profiles presented in [1, 8, 9, [12] [13] [14] [15] [16] , the maximum C t is reached only at the surface of concrete. A possible explanation of this phenomenon can be the absence of equilibrium between free-and bound-chlorides, because if the free-chlorides are not bound instantaneously they have freedom to penetrate farther into the concrete.
New chloride transport model for the non-steady-state migration
The main idea of the new model proposed in this paper is an introduction of the non-linear chloride binding isotherm and non-equilibrium between free-and bound-chlorides concentrations, in the system based on the Nernst-Planck equation.
Governing equations
The simplified Nernst-Planck equation (Eq. (3)) is commonly used to describe ionic transport in porous medium due to combined actions of migration and diffusion. However, as showed in Fig. 5 [25] , when a sufficiently large electrical field is applied across the concrete specimen, the flux of ions due to electrical migration (J M ) dominates over the diffusion flux due to concentration gradients (J D ). The fact that during the RCM test U = 10-60 V allows simplifying Eq. (3) to J = J M .
When considering the total volume of concrete (solid state and pores completely saturated with liquid), the reaction term in the continuity equation (Eq. (1)) is normally set to zero. Nevertheless, when considering the liquid and solid phases separately, there is a non-zero reaction term, because the chlorides are transferred from one phase to another. It is assumed that the binding of chlorides takes place instantaneously at the surface of the hardened cement paste (i.e. reaction kinetics is not limiting the chloride transport so there is equilibrium between chloride concentration in liquid at liquid-solid interface and the concentration of bound-chlorides), but there is resistance to the mass transfer through the liquid-solid interface. This limitation in the mass transfer rate of chlorides is responsible for the non-equilibrium conditions in the system and is governed by the mass transfer coefficient -k. In other words, the mass transfer rate of chlorides is proportional to the deviation of the chlorides concentration in the bulk solution from the equilibrium concentration at the liquid-solid interface, as given by the Freundlich equation (Eq. (12)). Therefore, the mass transfer rate reads as follows:
where c s is the chloride concentration in liquid at liquid-solid interface. Calculating c s from Eq. (12) and inserting it into Eq. (15) gives as follows [26] :
From Eqs. (15) and (16) it can be noticed that the external chloride concentration is influencing the time needed to reach the equilibrium -for lower values of c 0 the initial difference between the c 0 and c s is lower as well, so the equilibrium between them can be reached faster.
When assuming: (a) no convection; (b) the diffusion rate negligible in comparison to the migration rate; (c) migration of chlorides only in the pore solution of concrete; (d) one dimensional and constant electrical field distribution across the concrete sample; (e) non-linear chloride binding isotherm; (f) non-equilibrium between free-and bound-chloride concentrations caused by the external liquid-solid mass transfer resistance, which is assumed to be the limiting step for the chloride transport; (g) the binding parameters (K b and n) constant during the migration and (h) negligible effect of ionic interactions during the migration, the continuity equation (Eq. (1)) for liquid and solid phases respectively reads as follows [26] :
where u is the ionic migration velocity from Eq. (3), u = DzFU/RTL. The boundary conditions pertaining to Eqs. (17) and (18) 
where C bi is the initial bound-chloride concentration in concrete prior to migration test.
Meaning of the diffusivity of chlorides adopted in the new model
D 0 adopted in Tang's chloride transport model for the RCM test (Eq. (4)) represents the diffusion rate of chlorides through the pore solution in concrete and applies only to the liquid phase and not the entire volume of concrete. This coefficient can be defined as [27] :
where D f is the diffusion coefficient of chlorides in free liquid (for NaCl solution at infinite dilution D f = 2.03 Â 10 À9 (m 2 /s), d the constrictivity of pore structure and k is the tortuosity of pore structure. The constrictivity of the pore accounts for the fact that the cross section of a segment varies over its length whereas the tortuosity reflects how the pore structure is curved. These two parameters describing the pore structure are difficult to estimate for complicated porous systems (such as concrete), hence they are mostly used as theoretical parameters only.
When applying the diffusivity of chlorides in the pore solution of concrete to the total volume of concrete, the water (chloride) accessible porosity has to be included, which gives the so-called ''effective'' diffusivity [27] :
D eff is commonly determined in steady-state migration or diffusion techniques. Both diffusion coefficients specified in Eqs. (20) and (21) are related only to the pore structure in concrete and are not dependent on binding.
On the other hand, the apparent diffusion coefficient (D app ), influenced by sorption phenomena, is given by [27] :
where K d is the gravimetric chloride distribution coefficient defined as:
The apparent diffusivity of chlorides (D app ) can be derived from the non-steady-state diffusion tests (e.g. [24] ). The diffusivity of chlorides obtained from the RCM test (Eqs. (4) and (11)) in intention should be equal to the D app for the same concrete. Nevertheless, as explained earlier in this paper, these two diffusion coefficients are not identical because the equilibrium between free-and bound-chlorides concentrations is achieved only during the diffusion tests.
Analyzing the new chloride transport model presented in this paper (see Section 5.1) it can be noticed that the binding term is not included in the diffusion coefficient (in contradiction to Eqs. (4) and (22)), which therefore is only related to the pore structure of concrete. Furthermore, the porosity of concrete is applied in the equations in order to split the total mass balance to liquid and solid. Thus, in view of coherency, this diffusion coefficient also takes the porosity into account. Therefore, the chloride diffusion coefficient adopted in the new chloride transport model is the effective diffusivity, as described in Eq. (21).
Numerical solution
In order to obtain the numerical solution of Eqs. (17) and (18) a forward discretization is performed (according to the scheme presented in Fig. 6 ) and reads as follows:
ð1 À uÞq s C bðiþ1;jÞ À C bði;jÞ Dt ¼ k c ði;jÞ À C bði;jÞ
where Dt is the interval of time, i is the position in time, (i = 1. . .t/ Dt), Dx is the interval of distance, j is the position in concrete (j = 1. . .L/Dx). Solving Eqs. (24) and (25) for c (i+1,j+1) and C b(i+1,j) respectively, gives as follows: 
with the boundary conditions: c ði;j¼1Þ ¼ c 0 ;
Simplified analytical solution
The system of Eqs. (17) and (18) can be solved analytically for zero initial chloride content in concrete (C bi = 0) and n = 1, i.e. linear binding isotherm and non-equilibrium conditions. In order to solve this system a transformation of variables is adopted as follows:
where v is the transformed distance and C is the transformed time.
C = 0 corresponds to the time needed for the chloride penetration front to attain a given position x in the concrete. Transforming the derivatives of t and x and applying Eqs. (29) and (30) gives as follows:
Inserting Eqs. (31) and (32) into Eqs. (17) and (18) gives for liquid and solid respectively:
where the chloride penetration front w = ut/u and the pertaining boundary conditions (invoking C bi = 0) read as follows: 
into Eqs. (33) and (34) gives as follows:
with the following boundary conditions:
The analytical solution of Eqs. (40) and (41) applying the boundary conditions (Eq. (42)) reads as follows [11] : Fig. 6 . Discretization scheme. 
Comparison of numerical and analytical solutions
In order to verify the validity of the numerical solution presented in Section 5.3, chloride concentration profiles generated applying both the analytical solution (Eqs. (45) and (46)) and the numerical solution (Eqs. (26) and (27)) are compared. The input parameters used for this computation are presented in Table 1 (for C2, t = 18 h). The remaining parameters are selected as follows:
, Dx = 0.0001 m, Dt = 1000 s and C bi = 0. The total chloride concentration profiles resulting from Eqs. (13), (26), (27) , (45), and (46) are presented in Fig. 7 . The slight differences between the analytical and numerical chloride concentration profiles in Fig. 7 can be explained by the value of the Bessel function (see Eqs. (43) and (44)), which is assumed to be equal to unity, but in fact for the parameters specified above this value may vary between 1 and 1.2. Nevertheless, the agreement is satisfactory, confirming the validity of the numerical computation procedure. Therefore, for further computations presented in this paper, the numerical solution presented in Eqs. (26) and (27) is applied to experimental data.
Application of the new model to experimental data
As explained before, the non-equilibrium conditions and the Freundlich binding isotherm are proposed in the new chloride migration model, introducing the values of k, K b and n. Hence, besides the D eff , also these parameters can be derived for a particular concrete.
A wide database of total chloride concentration profiles obtained on concrete tested using the RCM test is presented in [9, 12, 13] . Besides the measured profiles, also many important model parameters are given (Table 1) . Therefore, for the further investigations presented in this paper, the experimental data from above mentioned references is used.
Based on the data presented in Table 1 and on the experimental total chloride concentration profiles [9, 12] , the values of k, K b , n and D eff are optimized, by using Microsoft Excel Solver (Generalized Reduced Gradient Algorithm optimization method) and applying Eqs. (13) , (26) , and (27) . In the optimization process the values of D eff and k were restrained to be positive. The values of the binding parameters were constrained based on the data in Table 2 : n within the range of 0.3-0.6 and K b within the range of 0 and 3 Â 10 À3 dm 3n /g n . C bi was set equal to the background Fig. 7 . Total chloride concentration profiles generated from analytical and numerical solutions (n = 1). Table 3 and Figs. 8-10 .
When analyzing the binding coefficients K b and n it can be noticed that the values obtained from the numerical model (Table 3) are in a good agreement with the values presented in Table 2 , measured by speciation tests. The binding capacity K b , which determines the maximum amount of bound-chlorides, as expected from Table 2 , is found to be larger for concrete containing Cem T10 (C1, C2) than for concrete with Cem I (C3, C4 and C5). This is due to an increased C 3 A content in Cem T10; the hydration products of this cement phase are capable of binding more chlorides. When comparing the values of the optimized K b to the experimental data presented in Table 2 , it can be seen that the values optimized for concrete are about five times lower than obtained on the pastes of similar cements. These values were expected because the volume of the paste in concrete is about 1/5, and only the paste can bind chlorides.
The optimum value of n, describing the intensity of binding and the maximum amount of bound-chlorides, is found to be in the range of 0.48-0.55, which is also in agreement with sorption data presented in Table 2 .
In none of the analyzed chloride concentration profiles the maximum total chloride concentration was achieved except for the surface layer of concrete, where the chloride bearing solution and concrete are in contact from the start of the test. This confirms that the assumption of non-equilibrium in the chloride transport model presented in this paper is correct. In order to account for this phenomenon, k, the mass transfer coefficient, is introduced (see Section 5.1). The optimized values of k decrease during the migration process, which can be observed in Table 3 . One can find in Figs. 8 and 9 that the value of k plays a deciding role on the shape of each profile. When the chloride mass transfer coefficient is larger, chlorides are bound faster and they do not have so much freedom to penetrate farther into the concrete, which results in a more abrupt chloride profile (e.g. see in Fig. 8a) . However, when the value of k becomes smaller, the mass transfer rate of chlorides becomes the limiting factor and the profile is characterized by a Fig. 9 . Optimized total chloride concentration profiles, concrete C2 (Table 1) : (a) 6 h; (b) 9 h; (c) 18 h. (Table 1) . more gradual shape such as shown e.g. in Figs. 8c and 9c . The diminishing chloride mass transfer coefficient needs further investigations, since it plays an important role in the case of chloride migration in concrete, and has not been studied yet.
The effective chloride diffusion coefficient, shown in Table 3 , is obtained indirectly -from the numerical simulations, while in the traditional RCM test, the D RCM is computed according to Eq. (11) . One can notice that there is a clear trend between the quality of concrete expressed in terms of the compressive strength (see in Table 1 ) and the optimized D eff . There is also a relation between the values of the D eff and the w/c ratio: the concrete with low w/c ratio (C1, C3) has the lowest values of D eff and when the w/c is increased (C2, C4 and C5) the D eff increases as well. Moreover, these optimized D eff correspond well with the values of the diffusion coefficients presented in [1] for concretes with similar w/c ratios, which were measured in steady-state migration experiments.
In order to obtain the values of D RCM (Eq. (11)), the free-chloride profiles were simulated and therefore the free-chloride penetration depths x d could be estimated. In Fig. 11 examples of the simulated free-, bound-and total chloride concentration profiles are shown, including the penetration depth (x d ) which can be indicated by the spraying method. In Fig. 11 also a free-and total chloride profile, computed for a larger value of k (3 Â 10 À5 1/s) are shown in order to simulate the chloride profiles shape if the equilibrium could be reached faster. These equilibrium chloride concentration profiles are similar to the theoretical abrupt profiles, as can be seen in Fig. 2 . One can also notice that if the free-chlorides would be instantaneously bound in concrete, the chloride penetration depth would be smaller. Table 4 shows the optimized D eff , measured [9] and predicted x d , D RCM calculated according to the traditional model (Eq. (11)) and the D eff computed from this D RCM (Eq. (22) , assuming that D RCM = D app ). The values of D eff calculated from the D RCM coefficient are larger than the values of D eff optimized from the new model. This can be explained by the fact that when chlorides are not bound immediately, they have more freedom to penetrate farther into concrete, as shown in Fig. 11 . Thus, the traditional RCM model must give a larger value of the D RCM coefficient in order to account for this increased penetration depth. Meanwhile, the new model predicts lower values of the D eff , which correspond well with data obtained in steady-state migration tests (e.g. as shown in [1] ).
Conclusions
The non-linear chloride binding isotherm and the nonequilibrium conditions between the free-and bound-chlorides are The most important advantages of the RCM test are its simple test procedure, short testing duration and a good repeatability of results. In future work it will be necessary to interpret the RCM test procedure differently in order to calculate the diffusivity of chlorides in a new way, but still trying to retain these advantages. 
